Carbon fiber-reinforced vinyl-ester polymer composites are increasingly used as structural members in applications (e.g., marine crafts and offshore structures) where they can be frequently exposed to the environmental elements of moisture and cold temperature fluctuations that cause freeze-thaw cycles. These harsh elements can individually and possibly synergistically damage carbon fiber-reinforced vinyl-ester composites. More importantly, their damage can accumulate over time and significantly degrade the structural properties, long-term integrity and durability of carbon fiber-reinforced vinyl-ester composites. This work experimentally investigates the individual and cooperative degrading effects of moisture and freeze-thaw cycles on the structural properties of carbon fiber-reinforced vinyl-ester composites, particularly on their flexural stiffness and strength. Results show that the combined damaging effects of moisture and freeze-thaw cycles are more significant than their individual effects, confirming the synergy between the damage mechanisms of the two elements.
Introduction
Marine industries are increasingly considering fiberreinforced polymer (FRP) composites as potential substitutes to metallic materials in retrofitted and new classes of high-performance marine crafts (e.g., Zumwalt-Class Destroyer 1 ) and offshore structures. This shift towards FRP composites is motivated by their ability to offer lower density; higher specific strength and stiffness; application-tailored properties; smaller radar signature; and better corrosion resistance as compared to metals. 2 One of the FRP composites that is increasingly gaining interest by marine industry, due to its polymer compatibility with marine environments, is carbon fiber-reinforced vinyl-ester (CFVE) composite. Vinylester is easy to handle; has low viscosity (i.e., easily impregnate woven fibers); relatively resistant to hydrolysis and blistering; and offers good stiffness, strength and impact toughness as compared to high-performance epoxies but at a much lesser cost. However, when vinyl-ester is used in FRP composites, it often does not fully polymerize due to composite fabrication processes (e.g., non-uniform temperatures, humidity, and contamination) and the existence of a second phase (i.e., the reinforcing fibers), leaving it susceptible to degradation due to marine elements. 3 To capitalize on the proven utility and great potential of CFVE composites as structural materials for naval crafts and offshore structures, there is a need to resolve the lingering uncertainties associated with their long-term properties and structural integrity in marine environments. 4 These uncertainties, which generally apply to all FRP composites, are due to the limited understanding of the long-term deleterious effects of the harsh environmental elements that composites can be exposed to in open marine environments. Two of these elements, which are investigated here, are moisture and non-cryogenic temperature fluctuations that cause water freeze-thaw cycles. These elements are important to marine crafts and offshore structures that serve in cold areas, where temperature fluctuations occur at near water freezing temperatures. Such exposure scenarios can be realized, for example, due to temperature variations associated with day-night cycles on cold winter days in oceans, seas, and lakes across the world. In such cold aqueous conditions, moisture and freeze-thaw cycles can individually and possibly synergistically detriment the mechanical properties of most FRP composites. Moreover, when their deleterious effects accumulate over time, they can significantly detriment the structural properties and long-term durability of FRP composites [4] [5] [6] [7] ; hence, undermining the structural integrity of composite-based structures. Accordingly, the damaging effects of freeze-thaw cycles and moisture have to be well characterized and incorporated in the design process and maintenance plans of composite-based marine crafts and structures.
Currently, at above water freezing temperatures, there exist a good understanding of the broad damaging mechanisms of moisture, hygrothermal, and temperature variations affecting FRP composites as illustrated in the monographs. [8] [9] [10] Temperature fluctuations in conjunction with fiber-matrix thermal expansion mismatch can result in thermal fatigue, residual stresses, and internal micro-cracks. 8, 10 Whereas, moisture effect commences as water molecules enter the composite's polymeric matrix by diffusion processes across surfaces exposed to moisture. Diffused water molecules cause matrix hydrolysis, plasticization, and fiber-matrix deboning; hence, degrading the structural properties of FRP composites. 11, 12 Moisture's negative effect is often amplified by elements that accelerate water ingress. These include temperature as it increases moisture diffusion rate as well as include chemicals, UV radiation, and mechanical damage as they accelerate water ingress by introducing surface cracks.
The aforementioned deleterious effects and mechanisms cannot be seamlessly extended to describe damage in marine environments involving frigid or freeze-thaw conditions. Experimental evidence, though limited, shows that cold freezing temperatures and freeze-thaw cycles result in different degradation effects, mechanisms and accumulation rates than those observed at above-freezing temperatures. 13, 14 Frigid temperatures increase the brittleness and stiffness as well as decrease the toughness of composite constituents, and they increase the residual stresses near fiber-matrix interfaces. 3, 14 Also, frigid temperatures degrade FRP composites by increasing their micro-crack density and fibers' propensity to micro-buckle under compression. 15 Effects of frigid temperatures can be further amplified when they are applied repeatedly as in freeze-thaw scenarios. 16 The limited pioneering efforts concerning freeze-thaw cycles showed that they cause accelerated material-level degradation due to microcracking and fiber-matrix debonding 13 ; increase the permeability, hardness and brittleness of polymeric matrices and weaken fiber-matrix interfaces 16 ; and cause irreversible depression in the matrix's glass transition temperature. 13 Moreover, in the presence of an aqueous environment, experimental evidenced highlighted an increase in the degrading effects of freezethaw cycles. For instance, the reduction in the uniaxial compressive strength of a CFVE composite due to exposure to freeze-thaw cycles in wet environments was found to be four times higher than that observed in dry environments. 13 From the preceding overview, it can be concluded that aqueous environments can potentially amplify the damaging effects of freeze-thaw cycles. However, the existing limited efforts that recognized the synergy between moisture and freeze-thaw cycles only investigated limited FRP properties, few material systems, and focused on short-term exposure scenarios which are often less detrimental than long-term conditions. 11, 12 In addition, they did not investigate the effect of freezethaw cycles in marine environments on the flexural structural properties of neither CFVE composites nor other marine industry compatible FRP composites.
In conclusion, the degrading effects of freeze-thaw cycles in aqueous environments on the long-term structural properties and integrity of FRP composites remain insufficiently characterized and understood. Accordingly, this work aims to experimentally characterize the individual and combined effects of freezethaw cycles and moisture on the long-term flexural properties of CFVE unidirectional laminates. This work emphasizes on flexural properties as FRP composite components in marine crafts and offshore structures are expected to regularly observe bending stresses, and as flexural properties are sensitive to environmental damage. 11, 12 The latter occurs as both bending stresses and environment-induced damage assume their highest magnitudes near the surfaces of environment-exposed and loaded members. This overlap renders flexural properties more sensitive to environmental damage than the in-plane structural properties.
Experimental
The experimental approach is designed to investigate the degrading effects resulting from exposing the marine compatible FRP composite ''CFVE'' to marine environments comprising freeze-thaw cycles and aqueous conditions. In particular, the approach aims to assess the degrading effects on CFVE composites' mechanical properties that are relevant to the structural integrity of marine structural applications, namely flexural stiffness and strength. Finally, the experimental approach aims to provide easy to reduce and interpret measured data.
The experimental approach is designed around two consecutive experimental steps: environmental conditioning and flexural properties characterization though standardized mechanical tests. In the conditioning phase, composite samples are subjected to freezethaw cycles and aqueous environments. Subsequently, conditioned specimens are tested using the wellestablished three-point bend test, and their flexural stiffness and strength are measured. Both freeze-thaw cycles and wet environments are experimentally simulated in controlled laboratory settings that allow for realizing highly regulated and repeatable exposure conditions; thus, eliminating the effects of unanticipated (e.g., chemical compounds due to contamination) and uncontrollable (e.g., UV radiation) elements that affect composites' behavior.
Materials
Degrading effects of moisture on composites and polymers are typically localized to a thin damaged layer underneath moisture exposed surfaces. For many epoxy and vinyl-ester composites, the layer's thickness is reported to not exceed 60 to 100 mm, even after long exposure periods. 11, 12, 17 The CFVE composite considered in this study is reported to exhibit a 30-to 60-mm thick damaged surface layer after 2000 h exposure to moisture and UV radiation. 11, 12, 18 The effect of this damaged layer is more pronounced in thin laminates where the local damage zone constitutes a significant portion of the tested laminate. Hence, to enhance the measurability of moisture's degrading effects on FRP structural properties, one should minimize specimens' thickness.
Accordingly, composite specimens are selected to have thin thickness and dimensions compatible with flexural mode testing. Specimens were cut from unidirectional CFVE laminates supplied by an external vendor (www.GRAPHITESTORE.com) in the form of 24 in Â 36 in sheets. The CFVE laminates have an average thickness of 1.4 AE 0.02 mm, are comprised of eight unidirectional plies, and have a fiber volume fraction of $0.56. 18 Cut specimens had a nominal length of 152.4 mm, width of 13 mm, thickness of 1.4 mm, and their longitudinal direction (i.e., direction aligned with specimen's larger dimension) coincided with the fibers direction. Specimens' edges (i.e., sides) were not modified or treated, and therefore, moisture absorption could also occur through specimens' edges. However, moisture ingress through specimens' edges was ignored in this work for the following reasons: first, moisture ingress is proportional to surface area, and therefore, moisture ingress through specimens' edges is ignorable in comparison to moisture ingress through specimens' faces. Second, specimens' width (13 mm) is orders of magnitude larger than the expected thickness of the localized damage zones (i.e., containing the diffused moisture) located under the exposed edges, which are of the order of 100 mm for this type of composite. Therefore, moisture diffusion through the edges of the tested specimens is not expected to affect their flexural properties.
Environmental conditioning
In lab conditioning simulated three exposure scenarios: (1) extended exposure to moisture, (2) exposure to freeze-thaw cycles without moisture, and (3) exposure to freeze-thaw cycles in wet conditions. The first and second exposure scenarios allow for assessing the individual damaging effects of moisture and freeze-thaw cycles, respectively. Whereas, the third exposure scenario allows for assessing the cooperative interaction between the damage mechanisms of moisture and freeze-thaw cycles.
The first exposure scenario comprises submerging composite specimens in tap water for an extended period of time (2760 h) while maintaining isothermal conditions (constant lab room temperature of 19 C AE 3 C). Although this study tries to mimic marine conditions, tap water is used instead of natural sea water, saline, or distilled water. Saline and sea water were not used to allow for investigating the effect of water, not salts. In addition, sea water was not used as it may contain vinyl-ester damaging chemicals or algae. The latter can slow moisture ingress by adhering to submerged specimens. Finally, tap water was selected over distilled water for practicality, and since both relatively have similar effect on the CFVE composite studied here. 18 The container used to submerge the specimens is made from a chemically stable and food compatible plastic. Container was filled with water to its rim and closed to exclude any possibility of contamination.
In the second exposure scenario (dry freeze-thaw cycles), composite specimens were subjected to freezethaw cycles using an industrial thermofisher freezer capable of reaching a minimum temperature of À30 F. To freeze the specimens, they were manually placed inside the freezer and kept at a low temperature of À23 C AE 2 C for 7 to 8 h. To thaw the specimens, they were removed from the freezer and placed for a period of 4 to 6 h on a table in a lab with controlled temperature (19 C AE 3 C) and relative humidity levels ($30%). Four K-type thermocouples were positioned at different locations inside the freezer to determine the time needed to establish a uniform freezer temperature of À23 C AE 2 C. A 2-2.5 h period was found sufficient to reestablish a uniform freezer temperature of À23 C AE 2 C after opening the freezer door for a 30 s period. Thus, a minimum of 6 h freezing period was determined to be adequate for the freezing process: 3 h to establish a uniform freezer temperature of À23 C AE 2 C and an additional 3 h to ensure that the internal temperature distribution in the specimens reaches to the uniform nominal value of À23 C. However, to add a factor of safety, as specimens were manually placed in and out of the freezer, a freezing period of 7-8 h is used in this work. Specimens' weight was measured after each five freezing cycles. Negligibly small weight deviation from the specimens' original weight was observed (<0.01%), confirming that specimens were subjected to dry freeze-thaw cycles (i.e., negligible water diffusion). This is anticipated as moisture diffusion at freezing temperatures is very slow. To investigate the effect of the number of freeze-thaw cycles, specimens were subjected to 25, 50, 75, and 100 freeze-thaw cycles. In real-life, composites in marine structures require multiple years to pass through 100 naturally induced freeze-thaw cycles.
The third exposure scenario (wet freeze-thaw cycles) is designed to simulate the effect of freeze-thaw cycles in humid or moist environments. Moisture diffusion is a time-and temperature-dependent process that significantly slows down and ceases at cold temperatures. Thus, any possible interaction between freeze-thaw cycles and moisture can only occur when moisture ingress precedes the freezing phase. Therefore, to investigate the potential damage resulting from the interaction between moisture and freeze-thaw cycles, the third exposure scenario comprised two phases. In the first phase, specimens were submerged in tap water at room temperature for 1272 h, in conditions similar to the ones used in the first exposure scenario. During this phase, water diffusion occurs and water ingress should be at levels of the same order of magnitude as the ones realized using the first exposure scenario. Subsequently, specimens were subjected to freeze-thaw cycles following the procedure used in the second exposure scenario, except that specimens were submerged in water during the thawing process. Thus, specimens were placed in the industrial freezer for 7-8 h (freeze cycle) and subsequently submerged in room temperature tap water for 4 to 6 h (thaw cycle). The process was repeated, and specimens subjected to 25, 50, 75, and 100 freeze-thaw cycles were obtained. The duration of exposure to moisture in the third exposure scenario for the 100 freeze-thaw cycles, including the initial submerge in water, is approximately equal to the duration of the first exposure scenario (moisture only). This allows for comparing moisture's effect with freeze-thaw cycles' in aqueous environments effect.
Characterization of flexural properties
Three-point bend test arrangement is used to characterize specimens' flexural properties. Tests are conducted according to ASTM D790-10 standard. Three-point bend test is utilized as it is simple and simultaneously assess the composites elastic bulk behavior and the effect of localized damage zones on specimens' surfaces. The averaged bulk response is represented by the flexural modulus or the slope of the force-deflection curve while the localized damage effect is measured through the maximum realized load or the ultimate flexural strength. 11 All tests are performed using displacement controlled loading, a support span of 50.8 mm, and a crosshead rate of 0.1 mm/min. For each environmental exposure setting, multiple specimens were tested to ensure data repeatability. The displacement of the cross-head as well as the applied force were measured and recorded automatically by the loading frame's (MTS-criterion 40) actuator and load-cell, respectively. The crosshead displacement reported by the machine's actuator is used to compute specimens' flexural properties as the maximum load needed to break the specimens was too small ($500 N or 5% of the machine capacity) to generate machine compliance errors.
Finally, this experimental investigation focusses on the flexural properties along the fibers direction (i.e., longitudinal direction), which is the principal direction that allows unidirectional composite plies to carry significant structural loads. Thus, all results reported next correspond to the longitudinal direction. The transverse structural properties of unidirectional plies are orders of magnitude smaller than those associated with the longitudinal direction. Accordingly, in multidirectional laminates, the transverse properties of each unidirectional ply have minor contributions to the laminate structural properties. Thus, the effect of environment and freeze-thaw cycles on the longitudinal direction properties is deemed more critical than on the transverse direction properties.
Results
Force-deflection curves acquired from the three-point bend tests are plotted in Figures 1 to 4. Figures 1 and 2 include the force-deflection data for specimens representing the as received conditions and the specimens exposed to moisture, respectively. Figures 3 and 4 include the curves for specimens subjected to dry and wet freeze-thaw cycles, respectively.
Force-deflection curves in these figures describe the flexural elastic response, maximum flexural load carrying capacity, and post failure behavior of the tested specimens. For each set of specimens subjected to the same environmental exposure conditions, forcedeflection curves exhibit very repeatable behavior, particularly prior to the maximum loading point. Beyond the onset of initial failure, some sets exhibit slight deviations, highlighting different damage evolution rates.
Force-deflection curves presented in Figures 1 to 4 exhibit three distinct phases, which are marked in Figure 1 . The first phase is linear and abruptly ends once the composite's maximum load carrying capacity is reached. The onset of failure in all tests appears suddenly without any noticeable deviation from the initial linear behavior, highlighting a brittle type behavior. The brittle failure behavior is representative of a fiber dominated failure mode, which is typical for longitudinally loaded uniaxial FRP composites. Loaddeflection curves highlight a reduction in the maximum load carrying capacity with increased freeze-thaw cycles; particularly in the presence of moisture. The most significant drop in the maximum loading force is observed in the case of 100 freeze-thaw cycles in wet environment. In this case, the load carrying capacity dropped by 20% from the $500 Newton level observed in the as received case. It should be noted that most specimens used in this work have approximately similar dimensions. Thus, the force-deflection curves in Figures 1 to 4 readily provide a qualitative specimensize insensitive assessment of the sensitivity of the CFVE composite's flexural properties to the investigated exposure scenarios.
The second phase observed in the force-deflection curves represents a sudden drop in the load carrying capacity of the composite laminate. The drop ranges between $50% and $35%, where the higher drop is for the as received specimens and the lesser drop is for the highly degraded specimens (i.e., 100 freezethaw cycles in wet environment). The drop is lower for the environmentally conditioned specimens as their carrying load capacity is already reduced as compared to the as received specimens. The sudden drop in the load carrying capacity is associated with the breakage, failure and pull-out of fibers in the outermost plies which carry the highest tensile stresses. Upon the failure of the outermost plies, specimens exhibit some residual load carrying capacity. Figure 5 presents few tested specimens and demonstrates the typical failure mode observed in all tests. Fibers failure and pull-out occurred always on the specimens' surface carrying the tensile bending stresses.
The third phase represents a progressive failure mode that starts right after the sudden force drop and ultimately ends with the total loss of the specimens' loading carrying capacity. The progressive deformation mode is driven by the additional flexural deformation imposed after the onset of failure. In the early stages of the third phase, many specimens exhibited a short plateau where the force remained relatively constant with increased deflection, reminiscent of perfect plastic behavior. During the short plateau, compliant damage mechanisms that occur at constant load are prevalent such as fiber-matrix delamination and matrix breakage. 12 After the short plateau, damage accumulation commences at an increasing rate due to fibers breakage and pull-out.
Discussion
The average flexural stiffness and strength of the tested specimens were computed from the force-deflection data presented in Figures 1 to 4 according to the ASTM D790-10 standard and using the following equations
where E and f are the average stiffness and ultimate tensile strength, respectively. L, b, and d are specimens' span, width, and thickness, respectively. Finally, Pm, m, and D are experimentally determined and represent the maximum observed force, the slope of the loaddeflection curve in the elastic phase, and the deflection at the onset of failure, respectively. Equations (1) and (2) assume deformation to be linear elastic up to the point of failure, which agrees with the force-deflection behavior exhibited by the tested specimens. The flexural stiffness and strength of the specimens exposed to dry freeze-thaw cycles are presented in Figures 6 and 7 , respectively. Average percentage reduction in flexural stiffness and strength for the specimens exposed to dry freeze-thaw cycles is included in Figures 10 and 11 . Figure 6 shows a week flexural stiffness sensitivity to dry freeze-thaw cycles. For 50 or less cycles, the flexural stiffness relatively remained unchanged while it was reduced by 2.5% and 5.1% due to 75 and 100 freeze-thaw cycles, respectively. Similarly, flexural strength values, presented in Figure 7 , exhibit weak sensitivity to dry freeze-thaw cycles. Specimens' flexural strength decreased by 1.3%, 2.7%, 4%, and 5.7 % after exposure to 25, 50, 75, and 100 dry freeze-thaw cycles, respectively. However, by comparing Figure 6 to Figure 7 , it is observed that the sensitivity of strength to dry freezethaw cycles is relatively higher than that of stiffness; flexural strength values decreases with the number of cycles in a more consistent and monotonic manner.
The flexural stiffness and strength of specimens exposed to wet freeze-thaw cycles are presented in Figures 8 and 9 , respectively. Average percentage reduction in both flexural stiffness and strength for the specimens exposed to wet freeze-thaw cycles is included in Figures 10 and 11 . Figure 8 shows a more substantial decrease in the flexural stiffness than in the dry case. For instance, at 100 wet cycles, the flexural stiffness decreased by 9.6%, which is much higher than the 5.7% decrease observed after 100 dry cycles. Similar to the dry case, the decrease in stiffness does not correlate linearly with the number of freeze-thaw cycles. In both cases, the data show an increase in the stiffness reduction rate after 50 cycles, highlighting an increase in the damage accumulation rate after 50 freeze-thaw cycles. With respect to flexural strength, Figure 9 shows a significant increase in the damage accumulation rate due to wet freeze-thaw cycles as compared to the dry case. For instance, the decrease in strength soared from the 5.7% observed after 100 dry freeze-thaw cycles to 19.3% after 100 wet freeze-thaw cycles. A quantitative comparison between the dry and wet cases is presented in Figures 10 and 11 , which clearly show that wet freeze-thaw cycles are more damaging than their dry counterparts, proving that the damaging mechanisms of moisture and freezethaw cycles cooperatively interact. This interaction is evidently complex, nonlinear and affect the flexural stiffness and strength in dissimilar manners.
It is important to note that the reduction in stiffness and strength in the case of wet freeze-thaw cycles is not solely due to moisture damage. Flexural stiffness and strength for specimens exposed to moisture only (i.e., first exposure scenario) were computed from the loaddeflection curves of Figure 2 and found to be 97.83 GPa and 1.374 GPa, respectively. These values correspond to a 3.44% and 2.59% reduction in the flexural stiffness and strength, respectively. These reductions are much smaller than the ones observed at large numbers of wet freeze-thaw cycles.
The flexural stiffness and strength values reported in Figures 7 to 10 are computed using equations (1) and (2), according to the standard ASTM D790-10. These equations, which are widely used, are based on simple beam theory and assume the specimens to be isotropic, elastic, and homogeneous. However, the FRP composite laminates tested in this study are elastic, transversely isotropic, and only homogeneous at the macroscopic scale. The flexural behavior of such FRP laminates is usually best described using laminate theory. 10 However, as the specimens are thin (i.e., plane stress conditions are satisfied), are loaded along their principal direction (i.e., fiber direction), are transversely isotropic, and are made from identical unidirectional plies, equations (1) and (2) (i.e., simple beam theory) as well as laminate theory should agree in their predictions of the effective flexural stiffness and strength along the fiber direction. 8 This conclusion is true for unidirectional laminates as long as their plies are identical. 8 The assumption that the plies remain identical is justified for the as received laminates as well as for the specimens subjected to dry freeze-thaw cycles. Thermal fatigue damage is anticipated to be uniformly distributed in the specimens subjected to dry freezethaw cycles; in particular, as these specimens do not experience highly localized temperature gradients. Specimens used in this work are thin, have high surface area, and their temperature is increased and decreased using a freezer without any cryogenic cooling or flash heating; hence, temperature fields in all specimens Figure 11 . Reduction in flexural strength due to dry and wet freeze-thaw cycles. during the freeze-thaw conditioning are expected to be relatively uniform. The uniform temperature change in the specimen is anticipated to cause uniform thermal fatigue damage.
However, for the case with wet freeze-thaw cycles, damage can be non-uniformly distributed, and two damage zones can exist: a localized damage zone near the exposed surfaces where the interaction between moisture and freeze-thaw cycles occurs and an inner uniform damage zone resulting exclusively from freeze-thaw cycles. The latter damage zone is purely due to thermal fatigue and is expected to have characteristics similar to the ones observed in the case of dry freeze-thaw cycles. The localized surface damage zone is anticipated to not extend beyond the outmost surface ply which is 175 mm thick. This conservative assumption stems from experimental evidence. Exposing the same CFVE composite tested in this work to 2000 h of UV radiation and moisture resulted in a 60 mm thick damage layer (i.e., 60 mm moisture diffusion depth). 11 In addition, exposing the same CFVE composite laminates to moisture, UV radiation and frigid temperatures by submerging specimens in an outdoor pond in Long Island, NY for a full year 19 resulted in surface damage relatively similar to the one resulted from UV and moisture. 11 Moreover, water diffusion is a temperature-dependent process slows down significantly at lower temperatures. Based on these observations, the synergistic damaging effects of moisture and freeze-thaw cycles are assumed to affect only the top and bottom plies of the exposed laminates while the six inner plies are assumed to be affected by thermal fatigue only (i.e., dry freeze-thaw cycles).
To estimate the changes in the stiffness and strength at the ply level for the case of wet freeze-thaw cycles, and since the plies do not have the same properties due to moisture and thermal fatigue damage, laminate theory is used. A full background on laminate theory is found in multiple monographs. 8, 10 As reproducing the full theory here is beyond the objectives of this work, only a summary of the implementation is presented.
Accordingly to thin laminate theory, the forces and moments acting on a laminate are related to the strains and curvatures of the laminate's mid-plane as follows such that N x , N y , and N s are the forces per unit length along the fiber direction, transverse direction, and the in-plane shear force, respectively. Whereas M x and M y are the bending moments per unit length that generate the normal stresses along the longitudinal and the transverse directions, respectively. M s is the torque per unit length applied on the sides of the laminate. The aforementioned laminate forces and moments as well as their orientation with respect to the laminate and its coordinate system are illustrated in Figure 12 .
For the specimens tested in this work, the only load acting on them is the bending moment M x , all other loads are zero. The x-direction in the equations coincides with the fibers' direction while the y-direction coincides with the laminates' transverse direction. Matrices A, B, and D appearing in equations (3) and (4) are defined as
where i and j take the values x, y, and s. Q k ij is the reduced in-plane stiffness matrix for ply number k. h k and h kÀ1 are the height of the top and bottom surfaces of ply k. The summation in equation (5) The moduli constants appearing in Q k ij are the kth ply stiffness along the fibers direction (E x ), stiffness along the transverse directions (E y ), the major Poisson's ratio ( xy ), the minor Poisson's ratios ( yx ), and the in-plane shear stiffness (G xy ). These moduli for undamaged specimens are determined using micromechanics. 8 The stiffness along the fibers direction as well as the major Poisson's ratio are estimated using the rule of mixture
where V f is the plies' volume fraction, E f is the fibers longitudinal modulus, E m is the matrix's modulus, f xy is the fibers' major Poisson's ratio, and m is the matrix's Poisson's ratio. The plies' transverse modulus and in-plane shear modulus are computed using Halpin-Tsai semi-empirical equations 8 as follows
Here, P is the modulus to be determined (i.e., E y or G xy ), and is an empirical constant that takes the value of 0.5 following the literature recommended values. 8 The properties of the carbon fibers and vinyl-ester matrix needed to evaluate equations (7) and (8) are obtained from the laminates' vendor datasheet as well as from Kaw. 10 Longitudinal and transverse moduli as well as the Major Poisson's ratio of the fibers are taken as 200 GPa, 28 GPa, and 0.30, respectively. On the other hand, the values of the matrix's modulus and Poisson's ratio are 3.0 GPa and 0.3, respectively. Using the fibers' and matrix's elastic properties in equations (7) and (8) results in the plies' engineering moduli. These are then used to evaluate equations (6) and (5), respectively. The effective modulus of the laminates can be determined with the help of the compliance relationships 
where such that I is the laminate second moment of inertia. Finally, equation (11) is used in an iterative manner to determine the elastic properties of the damaged plies. The iterative procedure is summarized as follows. First, specimens exposed to dry freeze-thaw cycles are considered. d xx for each specimen is evaluated using the undamaged properties of the fibers and matrix. Then, E effective is computed using equation (11) and compared to the experimentally measured E effective value, which is reported in Figure 6 . Comparisons highlight the difference caused by dry freeze-thaw cycles. Then, the modulus E x for all the plies is iteratively changed until the computed E effective matches the measured E effective . This iterative process is performed first on the specimens subjected to dry freeze-thaw cycles, and through it the stiffness of the damaged plies are determined for each dry freeze-thaw case (25, 50, 75, and 100). The damage in these cases is assumed to be similar to the one observed in the inner six plies of the specimens subjected to a corresponding number of freeze-thaw cycles under wet conditions. Equation (11) is then equated to the effective moduli reported in Figure 8 for the exposure cases involving wet freeze-thaw cycles. At this step, the only unknown is the properties (i.e., stiffness) of the top and bottom plies, which can be iteratively solved for using equation (11) . Results from equation (11) show the top and bottom plies to have a longitudinal stiffness of 91.0, 90.85, 87.56, and 86.94 GPa for the cases of 25, 50, 75, and 100 wet freeze-thaw cycles, respectively. These numbers reflect a decrease in stiffness of $10.5% for 25 and 50 cycles and of $14% for 75 and 100 cycles. These values are relatively double the ones reported in Figure 10 , which assumed that damage due to the cooperative interaction of moisture and thermal fatigue is uniformly distributed across the specimen.
To determine the stress at failure in the top ply, the strains and curvatures are computed from equations (3) and (4). Obtained curvature values are then used to determine the maximum stress in the top ply using the following basic equation from thin laminate theory.
where t is the laminate thickness. Using equation (12) , the stresses observed at the surface of the wet specimens are 1.26, 1.22, 1.15, and 1.09 GPa, for the cases of 25, 50, 75, and 100 wet freeze-thaw cycles, respectively. These strength values correspond to a drop of À10.6%, À13.3%, À18.4%, and À22.6%. The decrease in longitudinal strength is 3%-4% higher than that obtained using the analysis assuming uniform damage. It should be noted that both approaches highlight a synergistic damaging interaction between moisture and freeze-thaw cycles.
It is instructive to discuss the obtained decrease in the laminates' failure strength using micromechanics perspective, to highlight the effect of damage on load sharing in the damaged laminates. The theoretical failure strength of the tested laminates along their fibers direction can be determined from micromechanics 8, 10 using the equation
such that ultimate f
and " ultimate f correspond to the fibers' strength and strain at failure, respectively. The carbon fibers used in the laminates have an ultimate strength of 2.6 GPa according to the laminate manufacturer. Thus, the failure strain of the carbon fibers (i.e., strength/stiffness as carbon fibers are brittle) is 0.013. Accordingly, from equation (13) , the predicted failure strength of the unidirectional laminate along the fibers direction is 1.47 GPa, which is 4% higher than the measured one for the as received specimens. A 4% difference highlights a good agreement between the micromechanical predictions and the experimental measurements. More importantly, based on equation (13) , the measured decrease in the laminate's failure strength due to moisture and thermal fatigue indicates that these environmental elements decrease the fibers ultimate strength, not only the matrix's strength or stiffness. If the fibers are immune to thermal fatigue and moisture, then the maximum decrease in the failure strength of the laminate, according to equation (13), is 1.16% and occurs as E m goes to zero (i.e., matrix is fully damaged). However, this 1.16% decrease is too small compared to the measured decrease for dry and wet exposure scenarios. Accordingly, the load carrying capacity of the fibers must have decreased due to either damage sustained by the fibers or reduction in the load sharing efficiency. The latter is typically associated with matrix and fiber-matrix interface damage. 8 Results evidently highlight the existence of a synergistic interaction between thermal fatigue and moisture. This synergistic interaction can be hypothesized to result from multiple processes, including: moisture-induced damage affecting both the matrix and the fiber-matrix interfaces increases their propensity to sustain further damage due to thermal fatigue, fiber-matrix thermal expansion mismatch, and residual stresses; cracks resulting from freeze-thaw cycles increase moisture ingress; and absorbed moisture increases the residual stresses at the fiber-matrix interfaces due to moisture expansion upon freezing. The aforementioned arguments are qualitatively in agreement with micromechanical models that describe the process, mechanisms, and effects of diffused moisture expansion on local stress fields, residual stresses, and crack growth. 21 
Conclusions
Unidirectional CFVE specimens were conditioned using freeze-thaw cycles in dry and aqueous environments and then tested in flexural mode using standard three-point bend tests. Results showed that, in general, the flexural stiffness and strength of the CFVE composite decrease with increased number of freeze-thaw cycles. The maximum decrease observed in the flexural stiffness and strength for the case of dry freeze-thaw cycles was about 5%. Freeze-thaw cycles in wet environments resulted in a more detrimental effect on the CFVE composite than in dry environments. In the wet case, the decrease in flexural stiffness and strength was more monotonic and significant. In addition, the maximum observed reduction in the flexural stiffness and strength for the wet freeze-thaw case was around À14% and À22.6%, respectively. Evidently, damage accumulates at a higher pace when freeze-thaw cycles occur in aqueous environment. This result should be taken in consideration by marine craft designers and maintenance engineers. Finally, it is important to note that the measured drop in the flexural strength and stiffness of the FRP composite might change (i.e., increase or decrease) when the aqueous environment surrounding the composite has additional chemical elements. Especially, when these elements have the ability to alter the chemical or physical properties of the composite constituents or can change the composite's moisture absorption rate.
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